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(57) ABSTRACT 

In the method, semiconductor substrates are etched to pro 
vide nanoWires, said substrates comprising a ?rst layer of a 
?rst material and a second layer of a second material With a 
mutual interface, Which ?rst and second materials are dif 
ferent. They may be different in the doping type. Alterna 
tively, the main constituent of the material may be different, 
for example SiGe or SiC versus Si, or InP versus InAs. In the 
resulting nanoWires, the interface is atomically sharp. The 
electronic devices having nanoWires betWeen a ?rst and 
second electrode accordingly have very good electrolumi 
nescent and optoelectronic properties. 
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METHOD OF MANUFACTURING NANOWIRES 
AND ELECTRONIC DEVICE 

[0001] The invention relates to a method of manufacturing 
nanoWires, comprising the steps of 

[0002] providing a patterned etching mask at a sur 
face of a semiconductor substrate, and 

[0003] etching the semiconductor substrate so as to 
form nanoWires in a direction substantially perpen 
dicular to the surface of the semiconductor substrate, 

[0004] The invention also relates to a nanoWire. 

[0005] The invention further relates to an electronic device 
provided With a ?rst and a second electrode Which are 
interconnected via one or several nanoWires. 

[0006] NanoWires are Wires of a usually semiconducting 
material With a diameter of less than 100 nm. They are 
regarded as building blocks for future electronic and opto 
electronic elements. The nanoWires have the advantage that 
dimensional restrictions oWing to photolithographic pattern 
ing become less relevant. In addition, nanoWires have prop 
erties different from those of units of the same material 
having larger dimensions because of quantization effects, 
such as a non-ohmic resistance. 

[0007] A method as described in the opening paragraph is 
knoWn from Liu et al., J. Vac. Sci. Technol. B, 11 (1993), 
2532-2537. In the knoWn method, a pattern is de?ned in an 
etching mask by means of e-beam lithography. This pattern 
is transferred to the semiconductor substrate by means of 
reactive ion etching. Since the pattern de?nes isolated 
regions Which are to be protected against etching by the 
etching mask, nanoWires are created in the semiconductor 
substrate. These nanoWires have a diameter of 60 nm and a 
length of 10 am. The outer shells of the nanoWires are 
subsequently oxidiZed through heating to 800° C. The shells 
are then removed by etching in a bath of HF, and nanoWires 
of 6 to 15 nm diameter remain. 

[0008] It is a disadvantage of the method that the Wires 
thus formed comprise no intrinsic functional elements. 

[0009] It is a ?rst object of the invention to provide a 
method by Which such nanoWires can be obtained. 

[0010] This ?rst object is achieved in that the semicon 
ductor substrate comprises a ?rst layer of a ?rst material and 
a second layer of a second material, Which layers adjoin one 
another; and etching takes place through the ?rst and the 
second layer for forming the nanoWires such that the nanoW 
ires comprise a ?rst region of the ?rst material and a second 
region of the second material. 

[0011] NanoWires having one or several internal transi 
tions—in axial direction along the nanoWire—can be formed 
by the method according to the invention. A suitable incor 
poration of such internal transitions yields nanoWires Which 
are suitable for acting as more than merely a channel of a 
transistor. Such nanoWires may, inter alia, emit light, serve 
as high-frequency recti?ers, or form quantum dot memories. 
They are knoWn per se from Gudliksen et al., Nature, 415 
(2002), 617-620. 

[0012] It is a ?rst advantage of the method according to the 
invention that the method is very simple and suitable for 
mass manufacture. The desired variations in material can be 
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incorporated in or provided on the semiconductor substrate 
before the nanoWires are made by etching. AfeW billions of 
nanoWires can subsequently be obtained from a single 
semiconductor substrate of 150 mm. 

[0013] It is a second advantage of the method according to 
the invention that the transition from the ?rst to the second 
region in the obtained nanoWires is very sharp. This is 
important, for example, if the transition is a p-n junction 
and/or if electroluminescence is desired. 

[0014] The ?rst material may differ from the second 
material in a number of respects. In a ?rst embodiment, the 
?rst and the second material comprise the same semicon 
ductor but different dopings. This leads to internal pn 
junctions or, if so desired, pnp junctions. In a second 
embodiment, the second material has a bandgap different 
from that of the ?rst material. Examples are transitions from 
Si to SiGe, SiC, or ternary or quaternary compounds, 
junctions of InP and InAs, of GaAs and GaN or GaP, and 
other III-V, II-VI materials. In a third embodiment, the ?rst 
material is a metal and the second material a semiconductor. 

[0015] The ?rst and in particular the second layer of the 
substrate may be formed in various Ways. If the ?rst material 
differs from the second material as regards its doping, 
so-termed delta dopings may be provided. Alternatively, the 
?rst and the second layer may be independently formed and 
subsequently joined together. Such joining techniques are 
knoWn inter alia for the manufacture of SOI type substrates. 

[0016] In a further embodiment, the second layer is 
formed by epitaxial groWth of the second material on the 
?rst layer. Such an epitaxial groWth yields very homoge 
neous layers With extremely sharp transitions, as is apparent, 
for example, from W. B. de Boer,Aa'v. in Rapid Thermal and 
Integrated Processing (KluWer Press, 1996), 443-463, 
Which publication is incorporated herein by reference. In 
addition, bonds With the ?rst layer are formed during the 
epitaxial groWth of monocrystalline material. The adhesion 
betWeen the ?rst and the second region in the nanoWire Will 
be excellent as a result. A further advantage of the embodi 
ment is that epitaxial groWth is an industrially familiar 
technique. 
[0017] The semiconductor substrate may be etched by 
various techniques. In a ?rst modi?cation, dry etching or 
reactive ion etching is applied. Isolated patterns of small 
dimensions are de?ned in the patterned mask in this case; 
then the entire substrate is removed during etching With the 
exception of the portions lying under the isolated patterns, 
Which portions Will form the nanoWires. The advantage of 
this embodiment is that said etching techniques are substan 
tially insensitive to differences betWeen the ?rst and the 
second layer. 

[0018] In a second modi?cation, anodic etching is used. 
Openings are de?ned in the patterned mask in this case. 
Pores are formed under the openings during etching, Which 
pores become Wider oWing to a suitable setting of the current 
density until only the nanoWires remain betWeen the pores. 
The anodic etching is suitable for semiconductor substrates 
in Which the ?rst and the second material differ to a 
comparatively loW degree, for example only in doping. 

[0019] In a yet further embodiment, a third layer of a third 
material is present in the semiconductor substrate, and the 
second layer lies sandWiched betWeen the ?rst layer and the 
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third layer and has a thickness of at most 100 nm. To form 
the nanoWires, etching takes place through the ?rst, the 
second, and the third layer, such that the nanoWires comprise 
the ?rst region, the second region, and a third region of the 
third material. Functional Wires With locally de?ned func 
tions can be made With this embodiment of the invention. An 
example is a nanoWire of Si in Which a region of SiGe is 
present locally. The smaller bandgap of SiGe With respect to 
Si Will cause the SiGe to attract electrons. The second region 
is substantially point-shaped here. It can function as a 
quantum dot in Which information can be stored With high 
density in an ef?cient manner oWing to the quantization 
present. Such a point-shaped source is furthermore highly 
suitable for use as an optoelectronic recombination center 
and as a laser for emitting radiation. In further modi?cations 
of this embodiment, desired structures can be de?ned in the 
Wire. Examples are structures of alternating dopings or 
bandgaps, such as p-n-p-n-p . . . and Si—Ge—Si—Ge—Si 

. . and InP—InAs—InP—InAs— . . . . 

[0020] The nanoWires are removed from the substrate in a 
preferred embodiment. They may then be dispersed, and 
provided on a substrate. The removal is for instance realiZed 
With ultrasonic vibration. 

[0021] Alternatively, the nanoWires are not removed, but 
the device is further constructed on the silicon substrate. It 
is then preferred that the substrate is etched in pattern 
suitable for the application. The nanoWires may be encap 
sulated thereafter in an insulating matrix, for instance of 
glass, such as described in the non-prepublished application 
EP 02078262.9 (PHNL020716). This is particularly suitable 
for display application. 

[0022] NanoWires With internal functions are knoWn from 
Gudliksen et al., Nature, 415 (2002), 617-620. It is a 
disadvantage of the knoWn nanoWires that the transitions 
betWeen a ?rst region of a ?rst material and a second region 
of a second material are gradual over a range of 15 to 20 nm. 
Such a transition is insuf?ciently sharp for applications at 
high frequencies or for the emission of light of a certain 
Wavelength. 
[0023] It is accordingly a second object of the invention to 
provide a nanoWire With a ?rst region of a ?rst material and 
a second region of a second material Which has a transition 
betWeen the ?rst region and the second region Which is sharp 
on a substantially atomic scale. 

[0024] It is a third object of the invention to provide an 
electronic device of the kind mentioned in the third para 
graph With the nanoWires according to the invention. 

[0025] The second object is achieved in that the nanoWire 
can be obtained by the method according to the invention. 

[0026] The third object is achieved in that the nanoWire 
according to the invention is present betWeen the ?rst and 
the second electrode. 

[0027] These and other aspects of the method, the nanoW 
ire, and the device according to the invention Will be 
explained in more detail beloW With reference to embodi 
ments and the draWing, in Which: 

[0028] FIGS. 1A to C shoW a ?rst embodiment of the 
method; 
[0029] FIGS. 2A to C shoW a second embodiment of the 
method, and 
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[0030] FIG. 3 is a diagrammatic cross-sectional vieW of 
the electronic device. 

EMBODIMENT 1 

[0031] FIG. 1 shoWs a ?rst embodiment of the method 
according to the invention by Which nanoWires 10 are 
formed in a semiconductor substrate 5 by dry etching. FIG. 
1A shoWs the semiconductor substrate 5 With a ?rst layer 13 
having an n-type doping, a second layer 14 having a p-type 
doping, and a third layer 16 having a n-type doping. FIG. 1B 
shoWs the semiconductor substrate 5 With an etching mask 
20 at its surface 1. FIG. 1C shoWs the nanoWires 10 formed 
after dry etching, before these nanoWires 10 are detached 
from the substrate 5. This Will be described in more detail 
beloW: 

[0032] A second layer 14 of Si With a p-type doping is 
epitaxially groWn on the ?rst layer 13 With an n-type doping 
(doping level 1019 atoms/cm3). The thickness of the second 
layer 14 is approximately 10 to 30 nm. A third layer 16 of 
Si With an n-type doping is epitaxially groWn thereon. The 
thickness of the third layer 16 is approximately 200 nm. 

[0033] A photosensitive double layer, comprising a 400 
nm thick loWer layer of hardbaked Shipley AZS1830 and a 
80 nm thick top layer of a negative e-beam resist comprising 
silicones, is provided on the resulting semiconductor sub 
strate 5 as shoWn in FIG. 1A. Said double layer is patterned 
by means of radiation (e-beam, 100 kV, 100 pC/cmz), 
Whereby isolated regions 20 are de?ned. These isolated 
regions 20 have a diameter of 50x50 nm and are mutually 
spaced apart by 0.5 pm. The top layer is developed for 20 
seconds in xylene, folloWed by a dip in isopropyl alcohol for 
30 seconds. Then the pattern is anisotropically transferred 
from the top layer to the loWer layer by a 0.3 Pa oxygen 
plasma etch at a loW rf poWer density of 0.07 W/cm2 and a 
dc bias of —170 V. 

[0034] The semiconductor substrate 5 is subsequently 
etched in a direction substantially perpendicular to the 
surface 1. This is done by dry etching With an inductively 
coupled plasma (ICP) setup, Wherein an etching step and a 
passivating step are carried out in alternation. The treatment 
is rf-controlled (13.56 MHZ). The gas mixture used for the 
etching step is SF6/O2/C4F8. Standard values are here a SF6 
gas How of 130 sccm, an 02 gas How of 13 sccm, and a C4F8 
gas How of 40 sccm at a pressure of approximately 2 Pa. 
C4F8 is used as the gas for the passivating step at a gas ?oW 
rate of 140 sccm. The standard duration for an etching step 
and a passivating step is 8 seconds. 

[0035] The semiconductor substrate 5 is etched to a depth 
of approximately 1.0 pm. Then the etching mask 20 is ?rst 
removed. Subsequently, the semiconductor substrate 5 is 
heated in an oxygen atmosphere to approximately 850° C. 
for 2 hours. This causes a thermal oxidation of the silicon. 
The semiconductor substrate 5 is then placed in a bath With 
hydrogen ?uoride in a concentration of approximately 5 
mole per liter. A circulation is maintained in the bath so as 
to keep the composition of the bath constant. The result is 
that the nanoWires 10 are given a diameter of 10 nm. The 
semiconductor substrate 5 With the nanoWires 10 is placed in 
a bath of ethanol. This bath is placed in an ultrasonic device. 
The nanoWires 10 are detached from the substrate 5 by 
means of ultrasonic vibrations. NanoWires 10 With internal 
n-p-n junctions are obtained in this manner. 
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[0036] The dispersion of the formed nanoWires 10 is 
provided on a silicon substrate. Electrical contacts are pho 
tolithographically de?ned by means of electron beams 
(e-beams) in a double layer of 2 nm Ti and 10 nm Au. After 
the Wires have been applied, heating takes place to 400° C. 

EMBODIMENT 2 

[0037] A semiconductor substrate 5 is manufactured With 
a ?rst layer 13 having a p-type doping and a second layer 14 
having an n-type doping. NanoWires 10 are formed from this 
semiconductor substrate 5 by anodic etching. Indentations 
15 are for this purpose ?rst provided in the surface 1, and the 
semiconductor substrate 5 is subsequently placed in an 
anodic cell. The rear surface 2 of the semiconductor sub 
strate 5 is then present in a potassium sulphate solution so 
that this rear surface 2 is connected to an anode With 
electrical conduction. The surface 1 of the semiconductor 
substrate 5 is in a hydrogen ?uoride solution. The nanoWires 
10 are ?nally detached from the semiconductor substrate 5 
by ultrasonic vibration. Alternatively, a ?rst layer 13 With an 
n-type doping and a second layer 14 With a p-type doping 
may be used. In that case the rear surface 2 of the semicon 
ductor substrate 5 Will be exposed. 

[0038] FIG. 2A shoWs the semiconductor substrate 5 after 
indentations 15 have been provided at the front 1. The 
indentations 15 are formed from openings in a patterned 
etching mask previously provided. This etching mask is 
manufactured as folloWs: a 140 nm thick layer of Si3N4 and 
a photoresist are provided in that order on the substrate 5. 
Said photoresist is locally exposed through a mask in Which 
holes of 1.5 pm diameter are present. The pitch 12 betWeen 
the openings is 3.5 pm. The pitch is de?ned as the distance 
betWeen the centers of tWo mutually adjoining openings. 
The photoresist is dissolved in the exposed locations, and the 
Si3N4 comes to the surface. The Si3N4 is etched With a 
preferably concentrated solution of H3PO4. The photoresist 
is then removed in an oxygen plasma. The semiconductor 
substrate 5 is placed for 8 minutes in an 8.8 mole KOH bath 
of 70 ° C. The KOH bath thus etches aWay the semicon 
ductor substrate 5 of Si along the fast (100) crystal direction, 
Whereas the sloW (111) crystal direction remains substan 
tially unaffected. In this manner, more than a billion pyra 
mid-shaped pointed indentations 15 of substantially identi 
cal shape are de?ned in the surface 1 of the semiconductor 
substrate 5 of 150 mm diameter. The pattern formed thereby 
is that of a hexagonal grid. 

[0039] FIG. 2B shoWs the semiconductor substrate 5 after 
a period of anodic etching. For this etching, the temperature, 
the HF concentration, and the applied potential are set to 
values such that the current density is in excess of 90% of 
the peak current density ips. This is the case, for example, in 
a bath With a HF concentration of 3.0 M and a temperature 
of 30° C. at a current density of 130 mA/cm2. Etching Was 
found to take place isotropically in a ?rst phase. Then the 
etching continues anisotropically. 

[0040] FIG. 2C shoWs the semiconductor substrate in a 
further stage. The result is that nanoWires 10 are obtained 
after the pores have overlapped. The length of the nanoWires 
10 may be set for a desired value of betWeen 1 and 100pm, 
or even longer. This is set through the choice of the etching 
time. An etching time of approximately 20 minutes Was 
necessary at the above settings for obtaining nanoWires 10 of 
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100 pm length. The nanoWires 10 are obtained With diam 
eters of 50 and 80 pm, and greater. The diameter may be 
reduced through thermal oxidation of the nanoWires 10 at 
approximately 800° C. and etching aWay of the resulting 
SiO2 in a HF solution. The number of nanoWires 10 obtained 
on one semiconductor substrate 5 is more than tWo billions 

(2.109). 
EMBODIMENT 3 

[0041] A surface of a ?rst layer 13 With Si as its ?rst 
material is cleaned at 900° C. by dipping the surface in HF. 
Asecond layer 14 is groWn at 625° C. by means of chemical 
vapor deposition of a H2/SiH2Cl2/GeH4 gas mixture. The 
second layer 14 is groWn at atmospheric pressure in a 
standard commercially available reactor for epitaxy. The 
second material of the second layer is SLKGeLX, Where x is 
dependent on the mutual concentrations of the SiH2Cl2 and 
GeH4 in the gas mixture. Preferably, 042x206. The sec 
ond layer is provided to a thickness of 30 nm. Then a third 
layer 16 of Si is epitaxially groWn in the same reactor by 
changing the gas mixture to H2,/SiH2Cl2. The third layer 16 
is groWn to a thickness of 400 nm. An etching mask 20 is 
subsequently provided on the semiconductor substrate 5 as 
described in embodiment 1. The result is a nanoWire 10 of 
Si With an internal dot of SiGe. 

EMBODIMENT 4 

[0042] FIG. 2 is a diagrammatic cross-sectional vieW of a 
semiconductor element 100, Which is a thin-?lm transistor. 
A source electrode 101 and a drain electrode 102 are 
provided on a polyimide substrate 110. The electrodes 101, 
102 comprise, for example, Au and are de?ned by litho 
graphic means. The electrodes 101, 102 are separated by a 
channel 105 Which comprises a dielectric material, prefer 
ably With a loW dielectric constant. Suitable materials are 
knoWn to those skilled in the art, among them silicon 
dioxide, hydrogen silsesquioxane and methyl silsesquiox 
ane, porous silica, SiLK, and benZocyclobutene. The choice 
of material also depends on the choice of substrate. The 
surface 11 of the electrodes 101, 102 and the channel 105 is 
planariZed, so that nanoWires 10 are present on a substan 
tially planar surface 111. The nanoWires 10 are laid doWn 
and aligned in that a droplet of a dispersion comprising the 
nanoWires is provided on the surface 111 With simultaneous 
application of a voltage. The applied AC voltage of more 
than 25 V at a frequency of 1 kHZ causes an alignment of 
nanoWires 10. A dielectric layer 106 separating the gate 
electrode 103 from the nanoWires 10 is present on the 
nanoWires 10. Alignment may alternatively take place in that 
a mold With channels is provided on the surface 111, and the 
entire assembly is placed in a bath With the dispersion of 
nanoWires. A How is induced by means of a pressure 
difference, Which sucks the nanoWires into the channels of 
the mold. This leads to a positioning of aligned nanoWires 
10. 

[0043] As Will be obvious to those skilled in the art, an 
electronic device Will preferably comprise a large number of 
semiconductor elements 100 Which are interconnected in a 
desired pattern so as to form a circuit. It is further noted that 
a large number of nanoWires 10 may be present in a single 
semiconductor element 100, and that various materials may 
be chosen for the substrate 110, the electrodes 101, 102, 103, 
and the dielectric layers 105, 106, as is knoWn to those 
skilled in the art of thin-?lm transistors. 
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1. A method of manufacturing nanoWires, comprising the 
steps of 

providing a patterned etching mask at a surface of a 
semiconductor substrate, and 

etching the semiconductor substrate so as to form nanoW 
ires in a direction substantially perpendicular to the 
surface of the semiconductor substrate, characteriZed in 
that 

the semiconductor substrate comprises a ?rst layer of a 
?rst material and a second layer of a second material, 
Which layers adjoin one another; and 

etching takes place through the ?rst and the second layer 
for forming the nanoWires such that the nanoWires 
comprise a ?rst region of the ?rst material and a second 
region of the second material. 

2. A method as claimed in claim 1, characteriZed in that 
the ?rst and the second material comprise the same semi 
conductor but different dopings. 

3. A method as claimed in claim 1, characteriZed in that 
the second layer is formed by epitaxial groWth of the second 
material on the ?rst layer. 

4. A method as claimed in claim 3, characteriZed in that 
the ?rst material comprises Si, and the second material is 
chosen from the group comprising SiC, SiGe, and SiGeC. 
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5. A method as claimed in claim 1, characteriZed in that 

a third layer of a third material is present in the semicon 
ductor substrate, 

the second layer lies sandWiched betWeen the ?rst layer 
and the third layer and has a thickness of at most 100 
nm, and 

etching takes place through the ?rst, the second, and the 
third layer for forming the nanoWires, such that the 
nanoWires comprise the ?rst region, the second region, 
and a third region composed of the third material. 

6. A method as claimed in claim 5, characteriZed in that 
the third material is identical to the ?rst material. 

7. Amethod as claimed in claim 1, Wherein the nanoWires 
are removed from the substrate after the etching of the 
substrate. 

8. A nanoWire provided With a ?rst region of a ?rst 
material and a second region of a second material, Which 
?rst and second materials are different, While said ?rst and 
second region are mutually adjoining, Wherein said nanoW 
ire is obtainable by the method as claimed in claim 1. 

9. An electronic device provided With a ?rst and a second 
electrode Which are interconnected by one or several nanoW 
ires, characteriZed in that the nanoWire of claim 8 is present 
betWeen the ?rst and the second electrode. 

* * * * * 


